Background: Oxidative stress has been implicated in arrhythmia without a defined causal relationship. Results: Overexpression of NOX4 in zebrafish embryos induces arrhythmic phenotype via ROS and CaMKII. Conclusion: NADPH-driven ROS production and subsequent CaMKII activation mediate NOX4-dependent arrhythmogenesis. Significance: Our data present the first evidence for a direct causal role of NOX4 in cardiac arrhythmia.
Increased production of reactive oxygen species (ROS) 2 has been implicated in cardiovascular disorders, including hypertension, atherosclerosis, diabetic vascular complications, heart failure, and cardiac arrhythmia. Nonetheless, unlike an established causal role of oxidative stress in vascular pathogenesis, it remains unclear whether oxidative stress contributes to the initiation of arrhythmic disorders in the heart. Accumulating evidence has implicated an emerging role of NADPH oxidase (NOX) in atrial fibrillation (AF), although a causal relationship has never been evaluated (1) (2) (3) (4) . Our recent study has demonstrated a marked up-regulation of the specific NADPH oxidase isoform 4 (NOX4) in patients with AF, which is accompanied by overproduction of reactive oxygen species, especially in patients with hypertension, a known risk factor for AF (5) . Therefore, in this study we aimed to investigate whether overexpression of NOX4 in zebrafish directly induces cardiac arrhythmic phenotype.
Zebrafish is a valuable model for studies of cardiovascular physiology (6) . One of the advantages of zebrafish is that during early development, the heart is situated prominently at the ventral side of the embryo, wrapped by a thin pericardial membrane, and is transparent. Using a cardiac-specific green fluorescent protein (GFP) transgenic fish line, it is convenient to monitor cardiac development and function in real time, by video taping the beating heart noninvasively. In addition, genetic manipulations can be rapidly achieved by morpholino (MO) or RNA injection. Hence, we can perform both gain-offunction and loss-of-function studies of the target gene in a relatively short period of time. Another advantage of the zebrafish model is that the heart rate of zebrafish is not very * This work was supported, in whole or in part, by National Institutes of Health different from human heart rate. In contrast, the murine heart beats 7-10 times faster than the human heart, which makes it difficult to either induce or observe arrhythmia. Furthermore, even with severe cardiac dysfunctions that might be lethal to mice, zebrafish embryos most often survive for several days to enable phenotypical analyses (7) . Previous studies have shown that zebrafish can be used as a good model system to identify and characterize cardiac arrhythmias resembling human diseases (7) (8) (9) .
In this study, we used zebrafish as an in vivo model system to study the effects on heart rhythm of NOX4 overexpression. By transiently overexpressing wild type human NOX4 RNA in zebrafish, we found that NOX4-injected embryos developed an arrhythmic phenotype at 24 -30 hours post-fertilization (hpf), which was characterized by irregular heartbeats that are qualitatively and quantitatively analyzed by video recordings and a custom-made LQ-1 program (9, 10). Co-injection with NOX4 ATGmorpholino abolished arrhythmic phenotypes and superoxide production. Injection of RNA encoding the catalytically inactive NOX4 mutant (NOX4-P437H) deficient in NADPH binding had no effect on cardiac phenotypes. Similar effects were also observed in polyethylene glycol-conjugated superoxide dismutase (PEG-SOD, cell-permeable superoxide scavenger) or NOX4 inhibitors treated NOX4-injected embryos (fulvene-5, 6-dimethylaminofulvene, and proton sponge blue). NOX4-induced H 2 O 2 production was inhibited by Tempo and fulvene-5. These data indicate that the arrhythmic phenotype is specifically induced by NOX4 and dependent on the ROS generating activity of NOX4. Interestingly, NOX4 overexpression resulted in increased calcium/calmodulin-dependent protein kinase II (CaMKII) phosphorylation at Thr-286. A selective inhibitor for CaMKII, autocamtide-2-related inhibitory peptide II (AIP), or KN93, also abolished the arrhythmic phenotype. In summary, our findings for the first time uncover a direct causal role of NOX4 in cardiac arrhythmia, which is mediated by the ROS producing activity of NOX4 and CaMKII activation.
EXPERIMENTAL PROCEDURES
Cloning and in Vitro RNA Transcription-Human NOX4 (NM_016931) full-length coding region was amplified from pCMV6-hNOX4 (OriGene, SC310253, Rockville, MD) by PCR and cloned into pCS2ϩ at ClaI and XhoI sites. NOX4-P437H was generated by PCR-based site-directed mutagenesis (KOD Hot Start, Novagen/EMD Millipore, Darmstadt, Germany). All of the plasmids were confirmed by sequencing. Capped mRNA of human NOX4 and mutant NOX4-P437H were synthesized by in vitro transcription with the mMESSAGE mMACHINE kit (Ambion).
Zebrafish Strains and Studies-Transgenic strain myl7:GFP zebrafish were maintained as described previously (7, 11) . GFP expression is driven by a cardiac-specific promoter of myl7 (also known as cardiac myosin light chain 2). The developmental stages of fish were determined by observations of morphological features of fish raised at 28.5°C.
Micro-injection-Wild type human NOX4 or mutant NOX4-P437H RNA (300 pg) was injected into myl7:GFP transgenic embryos at one-cell stage. In some experiments, embryos were co-injected with 3 ng of antisense morpholino (5Ј-GCC-AGCTCCTCCAGGACACAGCCAT-3Ј, Gene Tools, Philomath, OR) complementary to the translation start codon ATG of the human NOX4 coding region.
Pharmacological Interventions-PEG-SOD (25 units/ml, Sigma), Tempo (10 M, Sigma), autocamtide-2-related inhibitory peptide II (AIP, 1 M, Calbiochem, EMD Millipore), 6-dimethylamino-fulvene (10 M, Santa Cruz Biotechnology), and proton sponge blue (5 M) or fulvene-5 (10 M, last two as generous gifts from Dr. Jack Arbiser, Emory University, Atlanta, GA) were added to the E3 media soaking the embryos (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 ) at 23.5 hpf.
Video Analyses-Digital videos were taken under UV illumination from embryos of similar developmental stages at 24 -30 hpf. Embryos were randomly chosen for videotaping. Each embryo was videotaped for 1 min, after stabilizing for 1-2 min in 0.01% Tricaine methanesulfonate (Sigma). The videos were split into consecutive frames by QuickTime player at 30 frames/s, which were then converted to a line-scanning result of atrial contraction by a custom-made LQ-1 program as described previously (Fig. 1, A and B) (9, 10) . Each vertical line by LQ-1 analysis represents one contraction. The horizontal axis indicates time of contraction, 1/30 s/pixel. By measuring the number of pixels between every vertical line (contraction) by another custom-made software, we acquired the precise time for one contraction, considered as beat-to-beat interval (beat-to-beat interval ϭ number of pixels ϫ 1/30 s). To represent the beat-to-beat variation, we calculated standard deviation (S.D.) of beat-to-beat intervals of one embryo (Fig. 1 , E and F). Statistical comparison was carried out between standard deviations of control and NOX4 or NOX4-P437H RNA-injected embryos. All the video analyses were done blindly without knowing the genotypes.
ROS Measurements-More than 20 embryos were harvested and homogenized in cold 1ϫ lysis buffer (20 mmol/ liter Tris-HCl, pH 7.4, 150 mmol/liter NaCl, 1 mmol/liter EDTA, 1 mmol/liter EGTA, 2.5 mmol/liter sodium pyrophosphate, 1 mmol/liter ␤-glycerophosphate, 1 mmol/liter sodium orthovanadate, 1% Triton X-100, supplemented with protease inhibitor mixture) at 27-33 hpf. On average, 5 l of lysis buffer was used per embryo. The samples were centrifuged at 12,000 rpm at 4°C for 15 min after sitting on ice for 10 -15 min, and then the supernatant was transferred to a new 1.7-ml Eppendorf tube for superoxide determination using electron spin resonance (ESR) (eScan, Bruker) immediately (12) (13) (14) (15) (16) (17) . For each measurement, 5 l of protein lysate was loaded. The rate of superoxide production was presented as micromolar/ min/mg of protein after normalizing ESR data to protein. For in vivo H 2 O 2 detection, embryos (30 hpf) were incubated with 2Ј,7Ј-dichlorofluorescein diacetate (DCFH-DA, Sigma, 20 M) in the dark for 1 h at 28.5°C and washed three times as described previously (18) . Embryos were randomly transferred to 0.01% Tricaine methanesulfonate buffer for imaging. All fluorescence images were taken at the same setting by Carl Zeiss Stemi SV 11 Apo microscope with 488 nm wavelength excitation. The average fluorescence density (normalized to area) was analyzed by ImageJ.
Immunoblot Analysis-Tissue lysates of zebrafish embryos were prepared as mentioned above. Phosphatase inhibitor mixtures 2 and 3 (1:100, Sigma) were added when necessary. For determination of CaMKII (Thr-286) phosphorylation, 200 g of proteins were separated in 10% SDS-PAGE with detection using 1:500 primary antibody dilution (Cell Signaling Technology). Densitometry was performed with ImageJ and normalized to tubulin.
Whole Mount Staining of Zebrafish Embryos and Confocal Microscopy-Whole mount antibody staining was performed as described previously (19) . Briefly, embryos were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), followed by acetone penetration. Embryos were blocked in 2% BSA ϩ 5% donkey serum in PBST (PBS ϩ 0.1% Triton X-100) and stained with anti-phospho-CaMKII (Thr-286) (1:100, Cell Signaling Technology) and donkey anti-rabbit 555 (1:100, Invitrogen) overnight at 4°C. Hearts were dissected out and embedded in 1% low melting agarose (Sigma) before imaging. Confocal Z-stack images were taken by Nikon Eclipse Ti microscope using ϫ20 objective.
Statistical Analysis-All the data are shown as means Ϯ S.E. Data were analyzed by Student's t test or analysis of variance followed by a Newman-Keuls post hoc analysis. Statistical significance is set as p Ͻ 0.05. For phenotype incidence comparisons shown in Table 1 , data were analyzed between the NOX4 injection-and inhibitor-treated groups using 2-by-2 contingency tables and the 2 coupled with the Fisher exact test (two-tailed). p value of each comparison is shown in Table 1 . Treatments were considered different if p Ͻ 0.05.
RESULTS
Overexpression of NOX4-induced Cardiac Arrhythmic Phenotype in Zebrafish-Based on the fact that oxidative stress has been implicated in the pathogenesis of atrial fibrillation despite an unclear causal relationship (1, 2, 4, 5, 20 -22) , and our recent findings that NOX4 is markedly up-regulated in human patients with AF (5), we overexpressed human (h) NOX4 RNA in zebrafish embryos to study its functional consequences in modulating cardiac phenotypes in vivo. By injecting 300 pg of wild type hNOX4 RNA into one-cell stage myl7:GFP transgenic embryos, we discovered that 53% of these embryos developed a phenotype of irregular heart beats at 24 -30 hpf (supplemental Video I, representative videos from control or NOX4 RNAinjected embryos), although only 10% of control embryos had a phenotype of much less variable heart beats at the same developmental stage (19 out of 167), which is considered physiological (23, 24) . Table 1 also summarized all phenotypic responses to molecular and pharmacological interventions described below. The arrhythmic phenotype is obvious up to 48 hpf, after which it is not easily visible any more, which is likely attributed to RNA degradation ( Fig. 7A ). Of note, efficacies of NOX4 overexpression and morpholino treatment (see below) were verified by transfecting a Myc-tagged NOX4 RNA and detecting NOX4 using the Myc antibody (supplemental Fig. II) . To quantitatively characterize the arrhythmic phenotype, the videos of beating hearts in real time were analyzed by taking sequential pictures generated from the videos using a custommade line-scanning software LQ-1 (9, 10). Fig. 1A shows a representative myl7:GFP zebrafish embryo. The outline of the heart in Fig. 1A is marked with green lines, and the white line in Fig. 1A indicates the scanning line position of the LQ-1 program. Fig. 1B is a flow chart demonstrating video analyses and measurements of beat-to-beat intervals. Red and yellow arrows in Fig. 1B indicate relaxation and contraction of the heart, respectively. The black arrow in Fig. 1B indicates a beat-to-beat interval. Fig. 1C demonstrates heart beats from two representative embryos analyzed by the LQ-1 program. The heart beat of the control embryo was consistent and stable, whereas the NOX4-overexpressed embryos had irregular heart beats characterized by random early or late beats, as indicated by the arrowheads in Fig. 1C . Next, we measured the beat-to-beat intervals (time interval of two consecutive contractions) of each embryo. The beat-to-beat intervals of control embryos had small fluctuations as expected for normal physiology (23, 24) . However, NOX4-overexpressed embryos had much more variable fluctuations in beat-to-beat interval. To quantitatively define the beat-to-beat fluctuation (beat-to-beat variation), we calculated the standard deviation of beat-to-beat intervals of each embryo, which has been previously employed as a quantitative assessment of cardiac arrhythmia (25, 26) . As shown in Fig. 1E , the standard deviation of beat-to-beat intervals of a representative control embryo was 0.024 s/beat versus 0.035 s/beat for a representative NOX4 embryo. These are shown as the two circled points in Fig. 1F . The rest of the points in Fig. 1F are the standard deviations of individual embryos examined in the two groups (p Ͻ 0.01 control versus NOX4-injected). Of note, the LQ-1 analysis results represent the variations in beatto-beat intervals for the representative videos of control, and NOX4 RNA-injected zebrafish embryos (supplemental Video I) are shown in Fig. 1C . The average heart rates of control and NOX4 embryos are indifferent ( Fig. 1D) NOX4-specific Morpholino Co-injection Prevented NOX4-induced Arrhythmia and Superoxide Production in Zebrafish-To examine a specific role for NOX4 in inducing arrhythmia in zebrafish, we co-injected NOX4 RNA with 3 ng of NOX4 morpholino, designed to target the translation initiation site of human NOX4 sequence. To compare with NOX4 RNA-injected embryos, we analyzed videos of co-injection embryos taken from three independent injections. Effects of different interventions on the arrhythmic phenotype of zebrafish embryos are summarized in Table 1 . Interestingly, MO co-injection markedly reduced the percentage of embryos that developed arrhythmic phenotypes from 53 to 20%. Out of 251 embryos analyzed from the NOX4-injected group, 133 embryos developed arrhythmia characterized by frequent irregular beats and large beat-tobeat variation. However, among all the 59 NOX4 MO co-injected embryos analyzed, only 12 had phenotypes. These results suggest that the arrhythmic phenotype is specifically induced by NOX4 overexpression.
To further investigate the mechanisms underlying NOX4induced arrhythmia, we measured superoxide production at 27-33 hpf when phenotypes appear. Previous studies have shown that the main product of NOX4 in the heart can either be superoxide or hydrogen peroxide (H 2 O 2 ) (27, 28) . Superoxide production in NOX4 RNA-injected zebrafish embryos, determined by ESR, was more than doubled to 10.9 M/min/mg from 5.3 M/min/mg in the controls (Fig. 2) . Superoxide production in the MO co-injection group was significantly attenuated to control levels (Fig. 2) . DCFH-DA is a cell-permeable H 2 O 2 probe, commonly used as an indicator of the intracellular levels of H 2 O 2 when it is permeabilized into the cells and de-esterified, and it becomes fluorescent upon oxidation by H 2 O 2 . This sensitive probe has been widely used in cells and also in zebrafish embryos (18, 29) to rapidly detect and quantify H 2 O 2 production. Using DCFH-DA, we found that the H 2 O 2 production was also significantly increased in NOX4-injected embryos (Fig. 3) , which is consistent with our findings in atrial fibrillation patients (5) .
Overexpression of NOX4 Mutant Deficient in NADPH Binding Had No Effect on Cardiac
Phenotype-To test the hypothesis that NOX4 induces arrhythmia by increasing NADPHdriven ROS production in zebrafish embryos, we generated full-length mutant RNA of NOX4-P437H, in which the proline to histidine mutation inactivates the superoxide generating activity of NOX4 by disrupting NADPH binding (27) . We injected the same amount of RNA of NOX4-P437H (300 pg) into the embryos and then analyzed the videos of control and NOX4-P437H embryos with LQ-1 (Fig. 4B) . Similarly, we also compared the beat-to-beat interval of each embryo in control and the NOX4-P437H group. All the embryos from both groups shared the same range of beat-to-beat variation (Fig.  4A ).
Next, we measured superoxide levels in these two groups. Overexpression of NOX4-P437H failed to increase superoxide (Fig. 4C ). This is consistent with a previous observation that overexpression of NOX4-P437H transgene in the heart abolishes superoxide generation activity from NOX4 (27) . Therefore, the NADPH-driven superoxide generating activity of NOX4 indeed seems to be required for NOX4 overexpression-induced arrhythmia in zebrafish.
Role of NOX4-derived ROS in Mediating Cardiac Arrhythmia in Zebrafish-To further examine an intermediate role of ROS
in NOX4-dependent arrhythmogenesis, we treated NOX4-injected embryos with a pharmacological ROS scavenger and different NOX/NOX4 inhibitors. Titrations of chemicals were carried out with un-injected embryos first to find the optimal concentrations of these drugs, which did not cause any morphological deficiencies when used alone. Pretreatment with PEG-SOD (25 units/ml) or Tempo (10 M) before 24 hpf, when the heart starts contracting, was able to prevent NOX4-induced ROS production and development of the arrhythmic phenotype (Figs. 3 and 5A and Table 1 ). Fulvene-5 inhibits NOX4 activity to 40% at 5 M in cells (30) . In our treatments, we found that fulvene-5 at 10 M starting before 24 hpf significantly abolished NOX4-induced ROS production and arrhythmic phenotype (Figs. 3 and 5B and Table 1 ). Similar effects were also observed in 6-dimethylamino-fulvene, another fulvene derivative, and proton sponge blue-treated NOX4 embryos ( Fig. 5C and Table 1 ). Proton sponge blue has been previously shown to inactivate NOX4 in cell culture (31, 32) . These data strongly suggest that NOX4 overexpression-induced arrhythmogenesis is dependent on NOX4 activity and ROS production in zebrafish.
Role of ROS-activated CaMKII in Mediating NOX4 Overexpression-induced Cardiac Arrhythmia-CaMKII is a potential pro-arrhythmic enzyme. Substrates of CaMKII include ion channels known to regulate intracellular calcium/sodium/potassium handling to impact cell physiology. Phosphorylation at Thr-286/287 results in persistent CaMKII activity (33) . Therefore, we next examined whether activation of CaMKII mediates NOX4-induced arrhythmogenesis. Interestingly, at 24 hpf, the time point right before we observed arrhythmic phenotype and also when the zebrafish heart starts beating, CaMKII Thr-286 phosphorylation was significantly increased in NOX4-injected embryos (Fig. 6A ). This can be followed up to 31 hpf (1.38-fold) (Fig. 6B) , although it was less potent than at 24 hpf (1.65-fold).
Phosphorylation of CaMKII was also inhibited by PEG-SOD treatment as demonstrated by Western blotting (Fig. 6C ) and whole mount immunohistochemistry (Fig. 7D , for detailed experimental procedures see under "Experimental Procedures" and Fig. 7 legend) , implicating redox-sensitive activation of CaMKII. Treatment of embryos with autocamtide-2 related inhibitory peptide II (AIP), a selective CaMKII inhibitor, or KN93 completely abolished the arrhythmic phenotype induced by NOX4 RNA injection (Table 1 ). In Table 1 , the total number of embryos analyzed and the number of embryos that developed the arrhythmic phenotype or not are presented in detail for each interventional protocol. Taken together, these data demonstrate a NOX4/ROS/CaMKII pathway in inducing cardiac arrhythmia in zebrafish.
DISCUSSION
The most significant finding of this study is the first identification of a causal role of NOX4 in the development of cardiac arrhythmia. Injection of wild type human NOX4 RNA, but not an enzyme-inactive mutant RNA or co-injection with MO, resulted in reproducible cardiac arrhythmic phenotype in zebrafish embryos. The arrhythmia is characterized by irregular heartbeats that are defined by a highly variable beat-to-beat interval, quantitatively analyzed using a custom-made but previously established LQ-1 program (9, 10). The phenotype was also preventable by scavenging superoxide with PEG-SOD/ Tempo or inhibiting NOX4 with fulvene-5, 6-dimethylaminofulvene, or proton sponge blue. Inhibition of CaMKII activation with AIP was effective in attenuating NOX4 overexpressioninduced arrhythmic phenotype. These data clearly establish that NOX4 activation could lead to NADPH binding-dependent ROS production and subsequent CaMKII activation and arrhythmogenesis.
The NADPH oxidase family is evolutionarily conserved and plays a major role in ROS production across many different organisms. Members of the NOX family have been identified in various organisms, including mammal, avian, amphibian, fish, and plants (34) . By using zebrafish as an in vivo model, we studied the possible link between NOX-produced ROS and cardiac disorders. We also examined the potential interaction between overexpressed human NOX4 and endogenous zebrafish NOX family members to exclude nonspecific phenotypes caused by regulation of other NOX isoforms. The full sequence of the zebrafish NOX4 has not yet been reported, except for three fragments on Ensemble predicted by alignment. By alignment and RT-PCR, we amplified part of zebrafish NOX4 from zebrafish cDNA (data not shown), which showed high similarity and shared the same functional domains as the mammalian homolog (35) . Similar analyses were performed for identifying zebrafish NOX1/2. Effects of human NOX4 RNA injection on zebrafish NOX1/2/4 mRNA expression through different developmental stages of zebrafish embryos were determined by RT-PCR analyses (Fig. 7) . Zebrafish NOX1 levels increased at 24 hpf but dropped at 48 hpf. Zebrafish NOX2 was hardly detectable at early stages (6 hpf) but increased and stayed up through 24 to 48 hpf. Zebrafish NOX4 expression was similar FIGURE 2. NOX4 overexpression results in increased superoxide in zebrafish embryos that is attenuated by NOX4 morpholino co-injection. Superoxide production from control and NOX4 RNA-injected zebrafish embryos was determined by electron spin resonance. MO, NOX4 morpholino. **, p Ͻ 0.01 versus control group; #, p Ͻ 0.05 versus NOX4 group. n ϭ 12, 10, and 3, respectively. between 6 and 48 hpf. Overall, no change on endogenous NOX1/2/4 expression was observed upon hNOX4 overexpression, at least at an mRNA level, excluding the possibility of off-target effects of induction of other NOX isoforms. The hNOX4 signal reflected successful induction of the gene and decay of RNA after 48 h. Interestingly, zebrafish NOX1 and NOX4 might play a role in early development, based on their mRNA expression profiles from our 6 hpf data. Embryos of 6 hpf already produced a certain level of superoxide as measured by ESR (data not shown), indicating that ROS is possibly involved in an early stage of embryonic development.
Oxidative stress has been implicated in the development of AF, although a causal relationship has not been defined (4) . In this study, we found that NADPH-driven ROS production from NOX4 induces arrhythmic phenotypes. In endothelium-specific NOX4 transgenic mice, the hydrogen peroxide level was increased in primary cultured endothelial cells and the aorta (36, 37) . In the cardiac-specific NOX4 knock-out or transgenic mice, basal superoxide production was significantly decreased in the NOX4 knock-out mice, and it increased in transgenic mice (27, 28) . In our zebrafish model, both superoxide and H 2 O 2 levels were increased by NOX4 overexpression. Tempo treatment prevented the increase in H 2 O 2 production in NOX4-injected embryos (Fig. 3) , implicating that H 2 O 2 is likely coming from NOX4-derived superoxide, rather than being generated directly by NOX4. We have also confirmed interaction between human NOX4 and zebrafish p22phox in 293 cells, by co-transfecting Myc-tagged NOX4 with HA-tagged p22phox, and immunoblotting for p22phox using an HA antibody after immunoprecipitation with a Myc antibody (supplemental Fig. III) .
To investigate the specificity of NOX4 in inducing arrhythmia, the enzyme-inactive NOX4 mutant (NOX4-P437H) RNA was used. The proline to histidine mutation was first found in X-linked chronic granulomatous disease and tested to inactivate NOX2 (38) , NOX3 (39) , and NOX4 (27) superoxide generating activity, without changing the integrity of the protein.
By examining the phenotype of NOX4-P437H embryos, we found that mutant NOX4 RNA cannot induce superoxide production or arrhythmogenesis. Similar to our observations, Overexpression of NOX4 mutant deficient in NADPH binding had no effect on cardiac phenotype. A, distributions of beat-to-beat variations of control and NOX4-P437H RNA-injected zebrafish embryos at 24 -30 hpf. n ϭ 15. B, representative LQ-1 results and analyses of beat-to-beat intervals in control and NOX4-P437H embryos. C, superoxide production in control and NOX4-P437H embryos. n ϭ 5.
superoxide production was found inhibited in NOX4-P437H transgenic mice, as measured by dihydroethidium fluorescent intensity (27) . Besides genetic approaches of MO co-injection and NOX4-P437H mutant RNA injection, we also tested the effects of NOX4 inhibitors fulvene-5, 6-dimethylamino-fulvene, and proton sponge blue. All of these agents effectively attenuated arrhythmic phenotypes and superoxide production induced by NOX4 RNA injection.
Activation of CaMKII has been linked to arrhythmia, hypertrophy, and apoptosis in the heart. Phosphorylation at Thr-286 in the autoinhibitory domain of CaMKII prevents re-association of the kinase domain to result in persistent CaMKII acti- vation. Another possibility to activate CaMKII is direct oxidation of paired Met residues at Met-281/Met-282 sites by ROS (40) , which is not regulated by NOX4 overexpression (supplemental Fig. IV) . Seven CaMKII genes have been identified in zebrafish so far (41, 42) . In situ hybridization indicates that CaMKII can be detected since the commencement of zygotic expression (42) . In our study, we examined CaMKII Thr-286 phosphorylation by immunoblot and immunohistochemistry, and we observed a significant increase of CaMKII Thr-286 phosphorylation in NOX4-overexpressed embryos. The CaMKII activation was attenuated by PEG-SOD, implicating that it is downstream of the NOX4/ROS axis. A selective inhibitor for CaMKII, AIP, or KN93 abrogated the arrhythmic phenotype in response to NOX4 RNA injection. Therefore, phosphorylation-dependent activation of CaMKII at least partially underlies NOX4-dependent arrhythmogenesis.
In summary, our data for the first time elucidate a novel mechanism underlying development of cardiac arrhythmia, namely NOX4 activation, consequent NADPH-driven ROS production, and redox-sensitive activation of CaMKII. These findings may ultimately lead to novel therapeutics targeting NOX4 for the treatment or prevention of cardiac arrhythmia.
